Purpose: The aim of this study is to monitor endostatin gene expression and therapy using transferrin receptor (TfR) as reporter gene and transferrin conjugate of ultrasmall supramagnetic iron oxide nanoparticle (Tf-USPIO) as magnetic resonance (MR) reporter probe. Conclusions: Endostatin therapeutic gene expression was visualized successfully using TfR reporter gene and Tf-USPIO MR reporter probe, which indicates that MR reporter gene imaging may be valuable in gene therapy to evaluate therapeutic gene expression and treatment efficacy.
Introduction
A ngiogenesis, the formation of new blood vessels, is one of the most important steps in tumor growth and metastasis [1] . It is controlled by a balance of angiogenic stimulators and inhibitors. Antiangiogenic therapy has recently attracted intense interest because of its broadspectrum action, low toxicity, and absence of drug resistance [2, 3] . Systemic administration of angiogenic inhibitors has been shown to reduce the growth of established tumors and metastases. Endostatin, a 20-kDa C-terminal fragment of type XVIII collagen, is one of the most potent naturally occurring angiogenesis inhibitors [4] . Although detailed mechanisms of its Kai Wang and Kezheng Wang contributed equally to the work. action are still unclear, it is known to inhibit endothelial cell proliferation and migration, promote apoptosis, and induce cell cycle arrest in endothelial cells [5] .
There are, however, some major concerns in translating endostatin therapy to the clinic. One is the difficulty of producing the protein in sufficiently large quantities for chronic treatment, although recently, stable and soluble forms of endostatin produced by Escherichia coli or yeast cells have been reported [6] [7] [8] . Additionally, continuous administration of antiangiogenic agent is required over a long period of time. It has been shown that continuous administration of endostatin was much more effective than intraperitoneal or subcutaneous administration [9] . Therefore, gene transfection is one of the most promising methods of administration [10] . How to monitor the efficiency of endostatin transgene expression in target tissues noninvasively, in real time, and at high spatial resolution poses a great challenge [11] [12] [13] .
In this study, we would like to evaluate the endostatin gene expression and its therapeutic efficacy in a MDA-MB-231 breast cancer model using transferrin receptor (TfR) as magnetic resonance (MR) reporter gene and the transferrin conjugate of ultrasmall supramagnetic iron oxide (Tf-USPIO) as the reporter probe.
Materials and Methods

The Expression of Endostatin and TfR in MDA-MB-231 In Vitro
Cloning of the Murine Endostatin and TfR Genes Total RNAs were isolated with Trizol reagent from the liver of athymic nude mice (Shanghai Laboratory Animal Center, Shanghai, China) for murine endostatin (ES) gene cloning and from the P3/NSI/1-Ag4-1 cells (China Science Institute Cell Bank, Shanghai, China) for TfR gene cloning, respectively and transcribed reversely into complementary DNAs (cDNAs) with Moloney murine leukemia virus reverse transcriptase (Takara Biotech, Japan). ES and TfR genes were amplified by polymerase chain reaction (PCR) using the following primers: ES For (5′-GAA GTT ATC AGT CGA CAT GCA TAC TCA TCA GGA CTT TCA-3′), ES Rev (5′-GAT CCT GCA GGA ATT CCT ATT TGG AGA AAG AGG TCA T-3′), TfR For (5′-GAA GTT ATC AGT CGA CAT GAT GGA TCA AGC CAG AT-3′), and TfR Rev (5′-ATG GTC TAG AAA GCT TAA AAC TCA TTG TCA ATA TTC C-3′). The two genes were constructed into pIRES plasmid by the connection of the internal ribosomal entry site (IRES), and then, the ES-IRES-TfR fragment was digested and inserted into the multiple cloning sites (MCS) of retrovirus vector pLP-LNCX (BD Clontech, Mountain View, CA), in which endostatin and TfR cDNAs were under the control of the cytomegalovirus (CMV) promoter [14] .
Generation of Recombinant Retrovirus Stocks
To obtain retro-ES-TfR retroviral vector, the recombinant plasmid was introduced into the transient packaging cell line retro-PT67 (BD Clontech, Mountain View, CA) by a Lipofectamine2000™ (Invitrogen, Carlsbad, CA). The supernatant was collected 48 h later, filtered through 0.45-μm filters, and used either immediately or frozen at −80°C. Viral titers were determined by exposing 1×10 5 NIH3T3 cells per well to serial dilutions of filtered virus preparations in the presence of 8 μg/ml polybrene (hexadimethrine bromide; Sigma, St. Louis, MO). After 400 mg/L G418 selection, the survived clone number of the maximum dilution was counted at the tenth day, and the figure of the virus titer was calculated as follows: virus titer= clone number×3×diluted times [11, 15] .
Gene Transfer Mediated by Retrovirus In Vitro For retroviral transduction, MDA-MB-231 cells (China Science Institute Cell Bank, Shanghai, China) were cultured and allowed to grow to subconfluence. The medium was then replaced with a 1:1 precipitated mixture of retroviral supernatant and fresh complete media. Polybrene was added to the culture medium at a final concentration of 4 μg/ml in order to enhance the binding of the virus to host cells. The transduction was repeated the following day. Twenty-four hours after the final transduction, the cells were harvested and subcultured into selective medium containing 0.8 g/L of G418 for up to 10 days. G418-resistant cells were pooled, expanded, and tested for ES and TfR gene expression [16, 17] .
Analysis of TfR and ES Western blot was performed to correlate
TfR and ES expression in the transfected MDA-MB-231 cells. In brief, the cultured cells were homogenized in protein lysate buffer. Debris was removed by centrifugation at 10,000×g for 10 min at 4°C
. The lysates were resolved on 12% polyacrylamide sodium dodecyl sulfate gels and electrophoretically transferred to polyvinylidene difluoride membranes. The membranes were blocked with 3% bovine serum albumin overnight, incubated with primary antibodies (rabbit antimouse endostatin, dilution 1:800, Abcam, Cambridge, MA; rat antimouse TfR, dilution 1:1,000, Santa Cruz, CA), and subsequently with alkaline phosphatase-conjugated secondary antibody. They were developed with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (Zhongshan Goldenbridge Biotech Co. Ltd., Beijing, China). Blots were stained with a β-actin antibody to confirm that each lane contained similar amount of tumor homogenate [12, 18] . The expression and binding of Tf to TfR was also assessed by flow cytometry. Briefly, 1×10
6 retro-ESTfR or retro-LNCX treated MDA-MB-231 cells were fixed for 5 min in 1 ml of 0.5% paraformaldehyde (Sigma, St. Louis, MO) in phosphate-buffered saline (PBS; pH 7.4) at 4°C and then washed with 1.7 ml of PBS. The cells were stained with Tf-polylysinefluorescein isothiocyanate (FITC; Sigma, St Louis, MO), a transferrin conjugate that binds specifically to transferrin receptors, and analyzed by flow cytometry. We used a FACSort flow cytometer (Becton Dickinson, Mountain View, CA) utilizing an argon laser with an excitation wavelength of 488 nm. The fluorescence was measured after passage through a 530-nm band-pass filter. A total of 5×10 3 events were analyzed per sample. Three replicate experiments were performed, and each sample was assayed in triplicate. The data were analyzed using CellQuest software (Becton Dickinson).
Chick Chorioallantoic Membrane Assay The chick chorioallantoic membrane (CAM) assay was used to measure the activity of endostatin. Briefly, fertilized eggs from white Leghorn chickens were incubated for 7 days at 37°C and 60% humidity. A square window was opened in the shell, and the membrane of the gas chamber was carefully removed to expose the chorioallantoic membrane. Ten eggs were randomly divided into two groups and were doped with 50 μl cell lysate from MDA-MB-231 cells that had been transfected with either retro-ES-TfR or retro-LNCX. The windows were then sealed with sterile parafilm, and the eggs were incubated for 72 h, as described above. The CAM was digitally photographed, and the number and extent of vessel branch points formed by the blood vessels was counted.
Analysis of Tf-USPIO Uptake in MDA-MB-231 Cells
Coupling of Transferrin to USPIO The USPIO nanoparticles with core size of 10.9 nm and hydrodynamic size of 20.1 nm were synthesized by one-pot reaction, through the thermal decomposition of Fe(acac) 3 in 2-pyrrolidone using α,ω-dicarboxyl-terminated poly (ethylene glycol) as surface capping molecule [19] . Transferrin protein was covalently bonded to the USPIOs via an ethyl-3-(dimethylaminopropyl) carbodiimide (EDC)-mediated amidation reaction. Typically, 0.32 mg EDC·HCl (Sigma) and 0.9 mg Nhydroxysulfosuccinimide (Sulfo-NHS, Sigma) were added into 0.32 ml aqueous solution of USPIO (2.5 mg/ml Fe). The solution was stirred with a mechanical stirrer to prevent the nanoparticles from aggregation. After approximately 10 min, 0.24 ml transferrin solution (33 mg/ml) was introduced by adjusting the pH of the reaction to 7.5 using 1 M NaOH. The reaction was allowed for 4 h at 4°C and then purified by gel chromatography using a Sephacryl S-300 column. Native polyacrylamide gel electrophoresis was adopted to check the completion of the conjugation reaction.
Prussian Blue Staining MDA-MB-231 cells treated with retro-ES-TfR and retro-LNCX were cultivated for 24 h in six-well plates on glass coverslips and incubated with 5-ml culture medium containing Tf-USPIO or plain USPIO at an iron concentration of 0.03 mM for 30 min. The cells were washed thrice with PBS and subsequently fixed with methanol and acetone (−20°C). For Prussian blue staining, the fixed cells were incubated with 10% potassium ferrocyanide for 5 min and 10% potassium ferrocyanide in 20% hydrochloric acid for 30 min, and counterstained with nuclear fast red [20, 21] .
Time-Dependent Cell Uptake of Tf-USPIO The iron concentration of retro-ES-TfR-treated cells incubated with Tf-USPIO (0.03 mM) for different times (5, 10, 30, and 120 min) was assessed using inductively coupled plasma optical emission spectroscopy (ICP-OES). A predetermined number of MDA-MB-231 cells (1× 10 7 cells) were pelleted, and 1 ml of 65% (v/v) nitric acid was added for 1 h at 70°C. The obtained cell extracts were then diluted (1:10) in water. The total iron content was measured at 238.2 nm by means of inductively coupled plasma optical emission spectrometry (ICP-OES; Perkin-Elmer Optima 5300 DV, USA) [22] . The experiments were repeated with three samples.
Transmission Electron Microscopy Imaging of Intracellular
Localization of Tf-USPIO To assess the uptake and localization of the USPIO particles, transmission electron microscopy (TEM) was performed. Cells grown on glass coverslips were fixed with 2.5% glutaraldehyde in 0.1 mol/L sodium cacodylate (pH 7.2) at 4°C for overnight. Slides were successively stained with 2% osmium tetroxide and 0.5% uranyl acetate and processed for ultrathin sectioning. Micrographs were taken with a Zeiss EM-10 A electron microscope at 80 kV. The magnification indicator was routinely controlled by the use of a grating replica [20, 21] . 
MR Imaging TfR Reporter Gene Expression and Endostatin Gene Therapy In Vivo
Animal Model and Treatments Tumor xenografts were induced on the back or the flank of 5-6-week-old female athymic BALB/c nude mice (nu/nu; Shanghai Laboratory Animal Center, Shanghai, China) by subcutaneous inoculation of MDA-MB-231 cells (2×10 6 in 200 µl PBS). Five days after tumor inoculation, mice were randomly divided into three different treatment groups (n=11 per group). The tumor volumes were estimated according to the formula: V ¼ p 6 Â a 2 Â b, where a is the short axis, and b is the long axis [5] . When the tumors reached a volume of 100 mm 3 in about 15 days, the mice were daily treated with intratumoral injection of 100 µl retro-ES-TfR or retro-LNCX virus suspension (4×10 7 colony-forming units per millimeter) for three consecutive days. The control group was daily dosed with 100 µl PBS. The tumor growth was monitored at 5-day intervals [23, 24] .
Imaging Gene Expression by MR In Vivo MRI experiments
were performed 4 days after the third intratumoral injection of retro-ES-TfR, retro-LNCX, or PBS. Mice were administrated with Tf-USPIO or plain USPIO at the same dose of 35 mg Fe per kilogram, respectively. Competition experiments in vivo were done by injecting the soluble Tf protein (20 mg/kg) 1 day before MRI. After tail vein injection of USPIO or Tf-USPIO, the tumor-bearing animals were imaged using a 3-in. surface coil according to the following protocol: T1w-sequence (FSE: TR, 160 ms; TE, minimum; FOV, 10×10 cm; matrix, 256×192; slice thickness, 1.5 mm); T2w-sequence (FR-FSE: TR, 1,070 ms; TE, 90 ms; FOV, 10×10 cm; matrix, 256×192; slice thickness, 2 mm); T2*w-sequence (fast spoiled gradient-echo fSPGR): TR, 160 ms; TE, 15 ms; FOV, 10×10 cm; matrix, 160×160; slice thickness, 2 mm; flip angle, 30°). T2 map relaxation times in the tumor before and after particle injection were determined using a multiecho spin echo pulse sequence (TR, 2,000 ms; TE ranged from 15 to 65 ms, eight echoes; number of average, 5; FOV, 8×8 cm; matrix, 128×128; slice thickness, 2.5 mm; voxel size, 1.3×0.9×2 mm 3 ). Three slices were positioned at the tumor at maximum extensions [20, 21] .
Ex Vivo Validation of Tumoricidal Effect
The inhibition of tumor angiogenesis by intratumoral injection of retro-ES-TfR was tested by immunohistochemistry and scoring of tumor vessels. Formalin-fixed, paraffin-embedded tumors were collected at 20 days after retroviral treatment and cut in 3-µm sections, deparaffinized, and subjected to endostatin immunohistochemistry (rabbit antimouse endostatin at 1:600 dilution, Abcam, Cambridge, MA) and counterstained with Mayer's hematoxylin. In a blinded manner, ten high-power fields (200×) were examined per section of tumors in each group. To determine tumor vascularity, the sections were immunostained with a rabbit antimouse CD31 Ab (dilution 1:800; Abcam, Cambridge, MA), as described above. The stained vessels were counted in ten blindly chosen random fields at ×200 magnification, and the mean microvessel density was recorded. To further confirm the in vivo accumulation of Tf-USPIO, tumor tissue slices were prepared and examined by Prussian blue staining. The expression of ES and TfR in the tumors treated with retro-ES-TfR was also confirmed by Western blot.
Statistical Analysis
The data were expressed as mean values ± standard deviation, and paired t test and Wilcoxon rank sum test were used for evaluating statistical significance. A value of less than 0.05 (PG 0.05) was considered statistically significant.
Result
The Expression of ES and TfR in MDA-MB-231 Cells In Vitro
The PCR products amplified from the DNAs of retro-ESTfR-and retro-LNCX treated-MDA-MB-231 cells were analyzed under ultraviolet light after 10 g/L agarose gel electrophoresis. A 550-bp specific fragment of endostatin gene and a 2,200-bp specific fragment of TfR gene were seen in the PCR product from the DNA of retro-ES-TfRtreated MDA-MB-231 cells, but not from the retro-LNCX control. The presence of recombinant endostatin and TfR in the cell lysate of MDA-MB-231 cells was confirmed by Western blot analysis. An ES protein band of 20 kDa was detected in both the cultured cell and tissue lysate of retro-ES-TfR transfectants, whereas no such band was present in the cells and tumor transfected with empty retrovirus (Fig. 1a) . Meanwhile, a significant increase in TfR protein expression was also detected in both cell and tumor tissue lysate after retro-ES-TfR transfection, compared with those treated with retro-LNCX. To further examine whether MDA-MB-231 breast cancer cells express transferrin receptors, cells were stained with Tf-polylysine-FITC, a trans- 
Analysis of Tf-USPIO Uptake in MDA-MB-231 Cells
Successful coupling of transferrin protein to USPIOs was confirmed by electrophoresis (data not shown). The accumulation of Tf-USPIO conjugate was assessed histologically using Prussian blue staining (Fig. 2a) . After 30 min incubation, a strong uptake of Tf-USPIO was observed in cells treated with retro-ES-TfR, whereas there was no significant uptake in cells treated with retro-LNCX. After blocking TfR with free Tf, the amount of blue granules in the cytoplasm of MDA-MB-231 was reduced, indicating that the fast accumulation of these particles was mediated by TfR. The subcellular localization of the particles was observed by TEM after incubation with Tf-USPIO for 30 min (Fig. 2b) . Large amount of USPIO particles were internalized and accumulated in the cytoplasm of MDA-MB-231 cells transfected with retro-ES-TfR. On the contrary, very little USPIO were seen in MDA-MB-231 cells transfected with retro-LNCX (data not shown).
Additionally, quantification of the cellular iron content by ICP-OES of retro-ES-TfR treated MDA-MB-231 cells proved the higher time-dependent uptake of Tf-USPIO compared with the retro-LNCX-treated cells. After 5-min incubation with Tf-USPIO, the mean cellular iron content in retro-LNCX-treated MDA-MB-231 cells incubated with Tf-USPIO was 0.1±0.07 pg Fe per cell. In cells treated with retro-ES-TfR, it was increased to 0.7±0.08 pg Fe per cell, and with time, the cellular iron content increased obviously, reaching 1.2±0.09 at 10 min, 1.4±0.08 at 30 min and 1.7± 0.10 pg Fe per cell at 2 h. The internalization of Tf-USPIO by retro-LNCX-treated MDA-MB-231 was less prominent after incubation (0.2±0.08 at 10 min, 0.4±0.10 at 30 min, and 0.7±0.11 pg Fe per cell at 2 h; Fig. 2c) .
MRI of MDA-MB-231 cells treated with retro-ES-TfR in gelatin (Fig. 2d) showed the similar result to the histological staining in vitro. T2-weighted images of the cells incubated with Tf-USPIO exhibited rapid signal decay. In contrast, no obvious difference can be seen in the cells incubated with plain USPIO. After Tf blocking, the signal was less reduced compared with the unblocking group, which suggests that Tf-USPIO can effectively target the retro-ES-Tf-transfected MDA-MB-231 cells and be detected by MR.
Imaging Gene Expression via TfR/Tf-USPIO Using MR In Vivo
Following gene transfer, the TfR reporter gene expression was detected by MRI in vivo. The Tf-USPIO was injected via tail vein into MDA-MB-231 tumor-bearing mice. The injected dose in all cases was 35 mg Fe per kilogram body weight. T2*-weighted MR images acquired before and at different times after injection are shown in Fig. 3a , and the change of T2 relaxation time under different conditions are shown in Fig. 3b . In MDA-MB 231 tumors treated with retro-ES-TfR, T2 relaxation time was decreased by 51.5± 10.5 ms or 63.2±12.1% at 24 h after Tf-USPIO injection. As a comparison, retro-ES-TfR-transfected tumor only showed the decrease of T2 relaxation time by 12.4±4.9 ms or 13.7±4.4% at 24 h after USPIO injection. Tf blocking (1 day before Tf-USPIO injection) showed limited tumor signal reduction from T2 weighted images and T2 relaxation time decrease of 23.5±9.2 ms or 26.7±7.9%. In MDA-MB-231 tumors transfected with retro-LNCX, Tf-USPIO injection led to T2 signal decrease by 17.9±4.7 ms or 22.5±7.0% at 24 h after Tf-USPIO injection. The signal decrease and T2 relaxation time change in tumors treated with retro-LNCX was likely due to the endogenous expression of TfR, which was also confirmed by fluorescence-activated cell sorting (FACS) and western blot. The appearance of blue granules in retro-ESTfR treated the tumors (Fig. 3c) , which is not present in the control group, indicates the existence of USPIO nanocrystals in the tumor and causes the change of MRI in vivo.
Inhibitions of Tumor Growth Following ES Gene Expression In Vivo
The MDA-MB-231 tumors were subjected to intratumoral injection of retroviral vectors for three consecutive days for gene therapy when the tumor volume reached about 100 mm 3 (n=11 per group). The growth delay of experimental groups was monitored via serial caliper measurements. On day25, retro-ES-TfR-treated tumors showed a final fractional tumor volume (v final /v initial ) of 7.38±0.55, significantly less than the retro-LNCX treated (v final /v initial = 13.2±1.98) and PBS control (v final /v initial =14.9±2.52; PG 0.01; Fig. 4a ). CD31 staining of paraffin sections of retro-ES-TfR-treated tumors revealed marked degradation and weakening of tumor neovasculature. In contrast, control mice received retro-LNCX showed healthy, mature tumor endothelium (Fig. 4b) . Fewer microvessels in tumors treated 
Discussion
Recent advances in molecular and cell biology techniques have fueled a rapid increase in our understanding of human diseases. Molecular therapeutic approaches to correct ''defects'' are also attempted by expressing exogenous genes, imparting additional functions to the cells. Simultaneously, increasing effort has been directed toward identifying ways of monitoring gene delivery and expression noninvasively in vivo [13, [25] [26] [27] . Here, we demonstrated that TfR, as an imageable marker gene, could be used to evaluate endostatin therapeutic gene expression in vivo.
First of all, we designed and produced the coexpression retroviral vector with two different transgenes ES and TfR under the control of CMV promoter. Using the recombinant retrovirus, the exogenous genes were integrated into the genome of tumor cells, and continuous expression was obtained. But we reasoned whether the expression of ES was reflected by the expression of TfR. The expression of ES and TfR gene were tested both in vitro and in vivo. As evidenced by Western blot, the ES expression increased in cells treated with retro-ES-TfR, meanwhile, the expression of TfR also was significantly upregulated. After sorting by FACS, the similar result in TfR expression was observed. Western blot also confirmed the simultaneous expression of ES and TfR in vivo after injection of retro-ES-TfR intratumorally. Taken together, these data indicate that: (1) the ES and TfR genes could be successfully transferred into tumor cells, (2) the two different genes were simultaneously expressed after gene transfer, and (3) the expression of TfR could reflect the expression of ES. As the expression of TfR followed with the expression of ES gene on the downstream of the vector, we would be able to use the imageable marker gene to provide readout on the expression of the therapeutic transgenes expressed next [28] . The expression of endostatin gene produced a 20-kD protein fragment, which had been shown to be an inhibitor of angiogenesis in primary tumors. Antiangiogenic therapy is relatively less toxic and less drug resistance, and antiangiogenic gene therapy appears to be more reasonable, as it has the potential to produce the therapeutic agents in a local area for a sustained period, avoiding continuous administrations of antiangiogenic agents. The expression of endostatin may decrease the neovascularization; lead to the loss of an adequate vasculature, which would deprive the tumor of oxygen and nutrients; inhibit the growth of tumor. It has recently been reported that endostatin gene transfer inhibits breast cancer and metastases in mice [29] and inhibits the growth of HT29 human colon cancer cells [5, 11] . In our work, endostatin gene mediated by retrovirus was administrated intratumorally, resulting in the expression of endostatin protein in situ. Tumor volumes within the treated group were shown to be significantly smaller than those in the PBS control group and retro-LNCX group. The delayed tumor growth might be explained by the expression of therapeutic gene followed by decreased microvascular density and downregulation of VEGF protein (data not shown).
TfR, a cell surface receptor which mediated iron internalization, has been used as a marker gene to visualize gene expression probed by targeted USPIO. Using this imaging system, the internalization and the accumulations of USPIO nanoparticles in cells can be measured and correlated to receptor expression level [13, 22, 25, [30] [31] [32] [33] [34] . In this study, we imaged TfR expression with Tf-USPIO conjugate to detect the antiangiogenic therapeutic gene endostatin. The incorporation of Tf-USPIO conjugate in cells transfected with retro-ES-TfR led to significantly more cell uptake and T2 signal decrease as compared to those transfected with retro-LNCX. Following intravenous injection of Tf-USPIO in MDA-MB-231 tumor-bearing mice, the mice with intratumoral injection of retro-ES-TfR showed T2*-weighted signal drop as early as 1 h after the Tf-USPIO injection, mainly in the peripheral areas of the tumor. The hypointensity of the whole tumor became more pronounced with time. The effective TfR receptor-mediated internalization of surface bound Tf-USPIO is likely the reason for the sustained MR signal and signal amplification with time. It is of note that MDA-MB-231 tumors with PBS and retro-LNCX both showed much less but detectable decrease in MR signal intensity, possibly due to the endogenous expression of TfR in the wild-type MDA-MB-231 cells that have been confirmed in our FACS analysis and earlier reports in the literature [35] . Despite the success of demonstrating the feasibility of MR reporter gene imaging to quantify therapeutic gene expression and the ability of endostatin gene therapy in a subcutaneous breast cancer model, there are several limitations exist in this study. Firstly, a retroviral vector was used for gene transfer, which has potential limitations and risks, including limited packaging capacity and unfavorable immunological features. Future studies should test nonviral vectors to achieve high transfection efficiency, excellent safety profile with low immunogenicity, and minimal risk for insertional mutagenesis [17, 36, 37] . Secondly, although intratumoral delivery route has been frequently used to evaluate the efficacy of virotherapy, targeted gene transduction to specific tissues and organs through intravenous injection would be the preferred method of gene delivery. Targeting vectors that circulate and home to specific cells could allow early therapeutic intervention. It can also enhance the safety of gene therapeutic applications by reducing inadvertent infection of irrelevant cells or tissues and decrease the side effect of gene therapy [38] . Thirdly, the delay of tumor growth by retro-ES-TfR was significant compared to the control groups, however, the antitumor effect was considered satisfactory probably due to the suboptimal single-agent therapy strategy. Combining gene therapy with conventional therapy might be advantageous, as gene therapy could be employed to reduce the dose of chemotherapeutic agents to spare the side-effects of cytotoxic drugs, without impairing antitumor efficacy. It was reported that the combination of gene therapy and conventional chemotherapy showed a stronger effect than monotherapies, so further investigation of this possibility is warranted [5, 12] . Lastly, MR reporter genes typically have low sensitivity. To increase the sensitivity of imaging, optical and radionuclide approaches should be the alternatives. Using luciferase gene, optical imaging could provide an accurate and sensitive imaging in rodents to detect low levels of gene expression. Positron emission tomography and single photon emission computed tomography are sufficiently sensitive and quantitative to measure the expression of reporter gene in both preclinical models and human patients. Many of the shortcomings of each modality alone also can be overcome by the use of combinational imaging of multiple reporter genes [39] [40] [41] .
Conclusion
Our findings indicate that it is possible to noninvasively characterize gene expression in tumors with the presence of transferring receptor reporter gene and Tf-USPIO conjugate reporter probe using MR scanner in vivo. Thus, MR reporter gene imaging may provide insights into gene delivery in vivo and may have the potential to optimize tumor gene therapy.
